Techniques that make possible the non-destructive continuous observation of plant anatomy and developmental processes provide novel insights into these phenomena. Non-destructive imaging of seeds was demonstrated using the synchrotron-based X-ray imaging technique, diffraction enhanced imaging (DEI). The seed images obtained had good contrast and definition, allowing anatomical structures and physiological events to be observed. Structures such as hypocotyl-root axes, cotyledons, seed coats, air cavities, and embryo-less Brassica napus L. seeds were readily observed using DEI. Embryo axes, scutella, pericarp furrows, coleoptiles, and roots were observable over a time-course in individual germinating Triticum aestivum L. caryopses. Novel anatomical and physiological observations were also made that would have been difficult to make continuously using other techniques. The physical principles behind DEI make it a unique imaging technique. Contrast in DEI is the result of X-ray refraction at the density differences occurring at tissue boundaries, scatter caused by regions containing ordered molecules such as cellulose fibres, and attenuation. Sectioning of samples and the infusion of stains or other contrast agents are not necessary. Furthermore, as high-energy X-rays are used (30-40 keV), little X-ray absorption occurs, resulting in low levels of radiation damage. Consequently, studies of developmental processes may be performed on individuals. Individual germinating B. napus and T. aestivum seeds were imaged at several time points without incurring any apparent radiation damage. DEI offers a unique way of examining plant anatomy, development, and physiology, and provides images that are complementary to those obtained through other techniques.
Introduction
Non-destructive imaging techniques are powerful tools that allow us rapidly to improve our knowledge of plant function and development. Some examples include radiography (Milner et al., 1952a; Pechen and Keller, 1988) , nuclear magnetic resonance (NMR) (Jenner et al., 1988; Manz et al., 2005) , confocal microscopy (Haseloff, 2003) , X-ray phase contrast imaging (PCI) or tomography (Paris et al., 2000; Hwu et al., 2004; Cloetens et al., 2006) , and optical projection tomography (OPT) (Lee et al., 2006) . In this paper, the ability of a synchrotron-based imaging technique, diffraction enhanced imaging (DEI) (Chapman et al., 1997) , to image soft plant tissues, namely seeds, is demonstrated. It is suggested that DEI will be useful for imaging plant structures, development, and some aspects of physiology, and that it is complementary to other imaging techniques.
Most work describing DEI to date has focused on demonstrating the use of this X-ray-based technique for medical imaging (Mollenhauer et al., 2002; Li et al., 2003; Wernick et al., 2003; Muehleman et al., 2006) . Examination of animal tissues with DEI allowed different soft tissue types, such as skin, muscle, and tendon, to be observed in detail which is not possible using conventional radiography. Based on the principles underlying DEI, it was hypothesized that this technique could provide novel images of plant soft tissues. The novel data provided by continuous or repeated observations of the same organism would be difficult or impossible to obtain by other means.
The three principle ways X-rays interact with matter are absorption, refraction, and scatter. Table 1 summarizes the relevant interactions between X-rays and matter. Conventional radiography uses X-ray absorption to derive contrast; however, samples also refract and scatter photons. The refracted and scattered photons cause noise in the image and reduce edge definition. By comparison, DEI separates refracted X-ray photons from non-refracted ones and measures them separately (Chapman et al., 1997; Li et al., 2003; Wernick et al., 2003; Muehleman et al., 2006) . Typically a DEI data set consists of two or more images, an attenuation image (photons hitting the detector without being refracted, scattered, or absorbed) and one or more refraction images. Together, the refraction and attenuation images produce low-noise images with sharp definition. This is because only photons that are not absorbed, refracted, or scattered are observed in the attenuation image and only photons refracted at a particular angle are observed in any single refraction image.
As mentioned above, DEI quantifies refraction, scatter, and, by deduction, attenuation separately. Density differences in a sample result in X-ray refraction, while atoms or molecules ordered parallel to the beam cause scatter. In other words, DEI allows observations of the boundaries between tissues that have different densities (Mollenhauer et al., 2002; Li et al., 2003) , as well as regions with high concentrations of regularly arranged molecules such as starch, cellulose fibres, or protein storage bodies (Bouwstra et al., 1993; Jenkins et al., 1993; Donald et al., 2001) . The degree of refraction and scatter occurring is related to the density difference at the tissue boundaries and the overall concentration of scattering molecules.
Separation of the attenuation, refraction, and scatter data is achieved in DEI by placing an 'analyser crystal' (flat silicon crystal) between the sample and the detector. The analyser crystal acts like a mirror, but only reflects those photons impinging on it at a particular angle (the Bragg angle for the crystal and energy/wavelength of X-rays used) to the detector. Photons hitting the analyser at angles other than the Bragg angle are not sent onto the detector, i.e. only those photons propagating from the sample at a precise angle are detected. Photons refracted by the sample at a different angle may be detected by rotating the analyser crystal and detector relative to the sample. The Bragg angle for the analyser crystal remains the same; however, only photons propagating from the sample at the new angle of incidence are reflected onto the detector. Collecting images at different analyser crystal angles allows an intensity versus angle curve, the 'rocking curve', to be calculated. A modified version of DEI, called multiple image radiography (MIR) (Wernick et al., 2003; Muehleman et al., 2006) , records the rocking curve for each pixel and uses these data to calculate the attenuation, refraction, and ultra-low angle scattering images. The quality of both DEI and MIR images is high. Excellent clarity of complex, overlying features is often obtained using MIR.
Conventional radiography uses relatively low-energy Xrays in order to obtain sufficient contrast as soft tissues poorly absorb higher energy photons. Previous work used X-rays in the 12-15 keV range to image seeds (Foucat et al., 1993; de Carvalho et al., 1999; Haff and Slaughter, 2004) . Unfortunately, lower energy X-rays cause greater levels of radiation damage as greater amounts of energy are absorbed by the sample. As refraction and scatter provide information for DEI rather than absorption, higher energy X-rays are used, typically in the 30-40 keV range, greatly reducing absorbed radiation doses. The lower Xray doses absorbed by samples during DEI make this technique useful for studying development as radiation damage artefacts are avoided. Some of the advantages that make DEI a useful tool for examining plant structures include the ability to observe objects in situ, its non-destructiveness, and ease of sample preparation. Techniques such as confocal microscopy, NMR imaging, and conventional radiography share these advantages; however, the data obtained by each of these techniques uses a different physical principle. These similarities and differences make these techniques highly complementary. Unique to DEI is imaging based on density and areas containing atomic order.
Here the use of DEI to examine seed anatomy and to identify entrained air cavities is described. Also the use of DEI to examine Brassica napus L. (canola) seed anatomy and to observe both canola and Triticum aestivum L. (wheat) germination over a time course is demonstrated.
Materials and methods

Sample preparation
Brassica napus L. (canola) and Triticum aestivum L. (wheat) were grown on the AAFC farm, Saskatoon.
Initial images were made of canola seeds embedded in discs of Epon Araldite (Structure Probe Inc., West Chester, PA, USA). The number of air bubbles in the embedding material was minimized by hardening the discs in their moulds overnight under vacuum (26 mmHg) at 80°C. For imaging, the discs were submerged in water.
Previous work showed a relationship between fatty acid content, density, and seed maturity in canola seeds (Young et al., 2006) . The object of the present study was to determine if seeds with different densities (due to both fat content and air cavities) could be distinguished using NMR and DEI. Canola seeds were sorted into d < 1.00, d < 1.04, d < 1.08, d < 1.13, and d > 1.13 density groups using low-polarity food-grade media as described previously (Young et al., 2006) . Each of the groups, except the d > 1.13 fraction, was further separated into groups with air cavities (+), which sank in the density medium when placed under pressure, and those without air cavities (-), which floated. After sorting, the seeds were washed several times with 95% ethanol and allowed to air dry. Cyanoacrylate (Loctite Brand, Henkel Consumer Adhesives) was used to stick seeds from each pressure density-sorted fraction to optically clear Lucite discs. The discs were photographed and then imaged using NMR and DEI.
To observe germination, canola seeds and wheat caryopses were glued to pipette tips using cyanoacrylate. The pipette tips were attached to the lid of a Magenta jar (Magenta Corporation, Chicago, IL, USA). The Magenta jars were half filled with water and inverted for imbibition and imaging. During periods when the seeds were not being imaged, the jars were stored upright (to prevent water logging of the seeds), at room temperature, and in the dark, except during the initial 4 h when they were kept inverted. For canola, DEI data were recorded 0, 2, 4, 8, 20, 44, 56, 116 , and 146 h after imbibition; with wheat an additional image was developed at 156 h.
Diffraction enhanced imaging
Seeds were imaged using DEI at the National Synchrotron Light Source-Brookhaven National Laboratory (NSLS-BNL), beamline X15A. The discs were submerged in ethanol or distilled water and imaged with a 40 keV beam. A silicon (333) analyser crystal was placed after the sample stage and rotated using 1 lrad steps to capture only those photons striking it at the correct Bragg angle. Separated by 1 lrad steps, 11, 21, or 31 images were captured in addition to a background image which was made with the beam shutter closed. Photons reflected from the analyser crystal were captured using a Fuji HR-V image plate with a Fuji BAS-2500 reader, taking approximately 30 s to record each image. Pixel size was 50 lm350 lm.
DEI data processing
Beamline control and data collection were handled by a program called spec (Certified Scientific Software, Cambridge, MA, USA). The data were subsequently manipulated and images displayed using Igor Pro 5.04 (Wavemetrics, Lake Oswego, OR, USA). Each vertical column of image data was normalized, using a region of the image that did not contain any sample, to reduce differences in detector sensitivity. The average intensity and standard deviation of each pixel's rocking curve was determined and used in a grey-scale image as a means of reducing the dimensionality of the data.
The data were ordered into a three-dimensional array, with the x and y dimensions corresponding to the spatial coordinates of the image and the z dimension corresponding to the rocking curve angle, i.e. each of the 11, 21, or 31 points in the z dimension represented a different angle on the rocking curve. Correlation principle component analysis (PCA) of the three-dimensional array was performed using HyperCube (US Army Topographic Engineering Centre, http://www.tec.army.mil/Hypercube). Eigenvalues for the first two or three PCA images (out of 11, 21, or 31 component images) were typically greater than 2.2. Variation in the rocking curve for each pixel in the image is extracted with each component of the PCA. HyperCube was also used to assign the first three components of the PCA to the red, green, or blue channels of the false colour images in the Supplementary data at JXB online.
NMR imaging NMR imaging of the density-sorted seeds adhered to the Lucite discs was performed at the National Research Council/Plant Biotechnology Institute using five scans on an Avance WB machine operating at 360 Mhz (Bruker). 'Slices' 5 mm thick through the plane of the disc were used so that the NMR image of the whole seed was captured. Pixel size was approximately 21 lm321 lm. See Pietrzak et al. (2002) for further details.
Results
Canola seeds could be distinguished from the Epon Araldite they were embedded in using DEI ( Fig. 1) as they refract X-rays to a greater extent than the surrounding matrix. Darker pixels in the attenuation image (Fig. 1A) indicate regions where greater refraction or scatter occurred. Anatomical features such as hypocotyl-root axes, cotyledons, and seed coats could be observed (see Supplementary Fig. S1 , available at JXB online, for a schematic of canola seed anatomy). The hypocotyl-root axis in cross-section strongly refracted X-rays, possibly due to alignment of the ground meristem cells, which are arranged in files parallel to the incident beam. The outline of hypocotyls in longitudinal section could also be observed (Fig. 1C) ; however, the intensity of refracted Xrays in the middle of these organs was not as great as when observed in cross-section, i.e. hypocotyl-root axes in longitudinal section were defined by X-ray refraction occurring at the tissue boundary with the cotyledons.
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Hypocotyls in cross-section refracted X-rays by at least 5 lrad while maximal refraction for the seed coats occurred at 63 lrad (Fig. 1B) .
Non-anatomical features, such as air cavities appressed to the hypocotyl-root axis and misshapen seeds (Fig. 1C , D), were observed after analysis of the rocking curves was performed, i.e. average, standard deviation calculated for each pixel, and PCA performed. These features strongly refracted or scattered X-rays and were most observable in the third component of the PCA. The first two components of the PCA appeared similar to the attenuation and refraction images, but without as much noise. In the third component image, the greatest contrast was derived from air cavities, seed coats, and misshapen seeds. This suggests that, with these data, the third component shows maximal density differences, such as occur where air pockets or seed coats are adjacent to surrounding tissues. In some seeds, the outline of the inner cotyledon could also be identified. Details were defined better visually when each component was assigned a colour in a redgreen-blue image (see Supplementary Fig. S2 available at JXB online).
Photographs, NMR, and DEI images of canola seeds sorted according to density were compared ( Fig. 2 and Supplementary Fig. S3 available at JXB online). In the photographs the hypocotyl-root axis and cracks in the seed coat could be observed. A 5 mm slice encompassing all the seeds was used in the NMR to increase the similarity to DEI, which records transmission data. The oil-rich cotyledons were visible in the NMR images, with the lower-intensity hypocotyl-root axes visible mainly through contrast against the cotyledons. Seeds in the lower-density fractions were expected to have a higher oil content and were typically brighter in the NMR images. The observations of canola seeds with the hypocotyl-root axis in cross-section look very similar to thin slices from NMR images of canola seeds in the same orientation (data not shown), with the procambium, ground meristem, and division between the cotyledons observable. One difference between the DEI and NMR images is that seed coats were observed in the former but not the latter.
PCA analysis was performed on the DEI data set from the density-sorted canola seeds. Anatomical features that were observed in the first two component images included seed coat, hypocotyl-root axis, and, in some cases, cotyledon outlines. Air cavities associated with the hypocotyl-root axis were also observed (Fig. 2, arrows) .
Changes to the anatomy of germinating canola and wheat were observed using DEI (Figs 3 and 4 and Supplementary Figs S4 and S5 available at JXB online). Fig. 2 . Visible, NMR, and DEI images of density-sorted canola seeds. Seeds were sorted in low-polarity solutions of different densities, washed, and glued onto Lucite discs. Each disc was photographed and imaged using NMR and DEI. The NMR imaging used a 5 mm slice and the DEI data were processed using PCA. Density groups were, from top to bottom, d < 1.00, d < 1.04, d < 1.08, d < 1.13. Features observed include hypocotyl-root axes, seed coats, cotyledon outlines, and air cavities (arrows). Pixel size was approximately 21 lm and 50 lm for NMR and DEI, respectively. Canola seeds were approximately 2 mm in diameter. Fig. 3 . DEI of germinating canola seeds. Canola seeds attached to pipette tips were imaged using DEI over a time course (0, 2, 4, 8, 20, 32, 44, 56 , and 116 h after imbibition). Hypocotyl-root axes (arrows) and seed coats can be seen in this image. The standard deviation over the rocking curve for each pixel was calculated and used as the basis for pixel intensity. The grey-scale intensity was modified to deliver the maximum contrast. Gaps between these eight representative seeds were removed. Scale bar ¼ 6 mm with 2 mm graduations.
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The location and orientation of canola hypocotyl-root axes could be identified, especially in the 2 h postimbibition image (Fig. 3) . Refraction decreased in the 4, 8, 16, and 20 h images, with seed coats causing most of the observed X-ray refraction. The reduced X-ray refraction by the radicle indicates that the density difference between the hypocotyl-root axis and cotyledons was minimal during this period.
A change in density or ordering of the tissues was observed in the radicles just prior to emergence. This was first noticeable in two seeds in the 44 h image, and in the 56 h image for the remaining seeds (Fig. 3, arrows) . Emerged radicles were observed in the 56 h and 116 h images; however, air bubbles attached to the organ and trapped within the seed coat obscured some of the images.
A number of interesting anatomical structures were observed in germinating wheat caryopses (Fig. 4) . The embryo, scutellum, and pericarp furrow were observed at 0 h imbibition. The embryo axis and the furrow were most visible from 8 to 44 h and 0 to 20 h after imbibition, respectively, in both longitudinal and cross-section. The nucellar projection and endosperm cavity, above the pericarp furrow, were also discernible. The intensity of these regions decreased over time, however. This may be due to absorption of water by hydrophilic compounds present (Bradbury et al., 1956) or by swelling of the tissues surrounding this region, which would reduce the size of any air cavities present. Either phenomenon would reduce the density-dependent X-ray refraction. In the later images, roots and coleoptiles were observed emerging from caryopses in both orientations.
A region of altered density was observed to migrate from the scutellum to the adaxial end of longitudinally oriented seeds (Fig. 4, arrows) . The density difference was first apparent 4 h after imbibition and was still observable in the 32 h image. The change in endosperm density was also observed in cross-section. From the cross-section images it is apparent that the change in density is limited to the endosperm and does not overlap the pericarp. The changes in density may be due to either hydration or catabolism of storage molecules in the endosperm, i.e. changes to starch grains or protein body structure.
Cracks in the pericarp were observed in the longitudinally aligned seeds starting 2 h after imbibition. The size and number of cracks decreased over time and disappeared 20 h after imbibition. These cracks were obscured in cross-section by the changes in endosperm density. Supplementary Fig. S6 (available at JXB online) is provided as an example of the fine detail it is possible to achieve with DEI when a high-resolution detector is used. The detector element size was 10 lm310 lm for this image.
Discussion
This paper focused on using DEI to observe seed anatomy and germination. Features that were observed using DEI included the hypocotyl-root axis, seed coat/pericarp, pericarp cracks, cotyledons, scutellum, wheat embryo axis, roots, and coleoptiles. Air cavities associated with the hypocotyl-root axis in some canola seeds and changes in starch structure were also observed. Although this paper has focused on seeds, the images presented here and the demonstrations of how this technique can be used in medical imaging make it clear that, in the future, DEI will be a useful tool for examining plant anatomy and physiology.
The novel basis of contrast, non-destructiveness, easy sample preparation, and depth of observation make DEI Fig. 4 . DEI of germinating wheat. Wheat caryopses were attached to pipette tips and imaged using DEI at 0, 4, 8, 20, 32, 44, 56, 116 , and 146 h after imbibition. The embryo axis, scutellum, pericarp furrow, cracks in the pericarp, and the wave of starch gelatinization or hydration (arrows) were observed. These features overlap in the seeds oriented in cross-section and were more difficult to discern. At later time points, coleoptiles and roots can also be observed. A single group of five caryopses is displayed. Scale bar ¼ 6 mm with 2 mm graduations.
complementary to other imaging techniques such as conventional X-ray radiography, confocal microscopy, and NMR. Some of this complementarity arises as each technique examines a different physical or chemical property. Conventional X-ray imaging has been used to reveal insect infestation (Schatzki and Fine, 1988; Karunakaran et al., 2003; Haff and Slaughter, 2004 ) and seed damage (Milner et al., 1952a; de Carvalho et al., 1999; Létang et al., 2002) , and to indicate seed quality (Simak and Sahlén, 1981; Foucat et al., 1993; Downie et al., 1999) ; however, signal:noise ratios (e.g. Pechen and Keller, 1988) , edge definition, and the potential for radiation damage are more problematic than with DEI. NMR imaging is excellent for observing the distribution of oil or water in a sample (e.g. Song et al., 1998; Pietrzak et al., 2002; Manz et al., 2005) , while confocal microscopy is good for imaging the location of molecules at a subcellular level in living cells, down to ;100 lm tissue depths (Haseloff, 2003) . Spatial resolution of both NMR and X-ray imaging is partially determined by the capability of the detector. Digital detectors with a 10 lm pixel size are available for X-ray imaging (for example, see Supplementary Fig. S6 available at JXB online) while film may show much more detail, but is much more laborious to use. Pixel size for NMR detectors may be as small as 5 lm and is also dependent on the number of scans made. The images in this paper were captured using a detector with 50 lm350 lm pixels.
DEI observations are also complementary to X-ray PCI (Hwu et al., 2004; Cloetens et al., 2006) and OPT (Lee et al., 2006) . PCI and DEI both use refraction to provide contrast. The difference is that DEI/MIR quantifies photons refracted and scattered at a number of different angles, whereas it is difficult to separate this information from PCI data. Thus, using DEI, information about sample density can be obtained. However, data collection is much slower and potentially causes greater radiation damage when using DEI compared with PCI. Both DEI and PCI may be used to generate three-dimensional tomographic images of samples (Cloetens et al., 2006 ; T Kao, C-J Liu, X Yu, et al., unpublished results). OPT provides high-resolution three-dimensional images of plant tissues and may be used to examine gene expression (Lee et al., 2006) . One disadvantage is that observation of embedded or opaque structures requires tissue clearing (resulting in cell death) and so developmental changes in single individuals cannot be examined. As has been demonstrated, it is possible to follow development in single individuals using DEI over a number of time points.
The non-destructive nature of DEI allows different physical or chemical attributes of the samples to be examined using other imaging techniques. The nondestructive nature of DEI is also an advantage in developmental studies as changes in a single individual can be examined over several time points. Some possible future investigations demonstrating the complementarity of DEI with other imaging techniques include examining water uptake in imbibing seeds, following embryo/seed/ silique development or abortion, tracing development in plants with anatomical mutations, examining apical meristem development, imaging roots growing in an opaque matrix, and observing seed herbivory or endoparasitism.
DEI provided clearer, less noisy images than those obtained using conventional X-ray imaging (compare Milner et al., 1952a, b; Pechen and Keller, 1988; Foucat et al., 1993; Haff and Slaughter, 2004) . DEI images are sharper than conventional X-ray images because higher energy X-rays (40-60 keV compared with 6-20 keV) are used and refracted X-rays are measured as data. X-rays refract at density interfaces, regardless of the energy of the incident photons, and so tissue boundaries are observable using DEI as tissues and organs have different densities. An additional advantage of using high-energy X-rays is that the absorbed radiation dose is low. The amount of radiation absorption has been calculated to be <1% of that delivered by a mammogram (approximately 0.12 mGy per exposure; Li et al., 2003) and was not expected to affect germination or growth significantly. In this experiment, canola and wheat germination did not appear to be affected by nine or ten exposures, although mutagenic effects of the X-rays were not analysed.
In canola seeds, the outline of the hypocotyl-root axis in longitudinal section was observed as this organ has a different density from the surrounding cotyledons (compare the NMR images in Fig. 2 , where the low oilcontent/high-density hypocotyl-root axes contrast the higher oil content/lower density cotyledons). In longitudinal section, minimal X-ray refraction was observed in the centre of the hypocotyl-root axis. By contrast, hypocotyls observed in cross-section caused a large amount of X-ray refraction, although primarily from the region occupied by the ground meristem. This may be due to the columnar arrangement of ground meristem cells along the axis of the beam, aligning cell walls and their cellulose fibrils, which would cause a large amount of photon scatter. Further supporting this hypothesis is the observation that the more-ordered ground meristem refracted X-rays to a greater extent than the less-ordered procambium, These data suggest that detailed analysis of both tissue anatomy and composition may be carried out using DEI or MIR. The use of MIR is appropriate as three components, attenuation, refraction, and scatter, are extracted from the data (Wernick et al., 2003) . Quantification of refraction and scatter gives an indication of density and molecular order, respectively. MIR deconvolution could be used to separate the refraction and scattering components of the data for hypocotyls in cross-section. A high scatter to refraction DEI of seeds 2519 ratio would indicate that structured order within the radicles was responsible for their intense signal. Another tissue that was clearly visible using DEI was the seed coat. The canola seed coat is more dense than other parts of the seed (Thakor et al., 1995) and thus caused significant X-ray refraction. Further analysis of the data could provide useful information about the amount of refraction and scatter resulting at each pixel, which could then be interpreted as relative density and concentration of ordered molecules, respectively. This information could be of use for studying tissue composition. For example, in the case of developing seeds, patterns of seed storage molecule accumulation could be followed as the major components (starch, protein, and oil) have significantly different densities and atomic arrangements.
The clearest images, i.e. those with the greatest contrast and least noise, were obtained with the standard deviation images and the first two or three components of the PCA. The first two or three principle components could be classified into two types of images: those that resembled the attenuation and/or refraction images and those that showed regions with the greatest difference in density. One disadvantage of the standard deviation and PCA images is that quantitative information about the extent of X-ray refraction occurring was lost, i.e. assignment of each principle component to a type of X-ray interaction (attenuation, refraction, and scatter) is lost and requires observer interpretation. Information about the degree of refraction may still be extracted from the raw data (see Fig. 1 ), or derived using the MIR technique.
The use in the present study of PCA on the data was only possible because the samples were relatively flat. Thicker samples, with overlapping layers of tissue acting to produce multiple overlying sources of scatter, would interfere with the analysis. For thicker samples, MIR may be used to elucidate the attenuation, refraction, and scatter components (Wernick et al., 2003; Muehleman et al., 2006) . The present use of the first three PCA components in false colour images assumed that the overlying regions of scatter were minimal (see supplementary figures available at JXB online). Future work is necessary to compare the images of seeds obtained using MIR and PCA treatment of the data.
The principles behind DEI and NMR imaging are different; however, the same gross anatomical structures could be observed using both techniques, the most obvious being hypocotyl-root axes. The NMR images could have been more detailed if a finer slice had been used. Using a 0.3 mm slice, it was possible to discern the outline of the inner and outer cotyledons (not shown). These organs were also visible in some of the canola seeds using DEI, depending on orientation. Using a false colour representation of the first three components from the PCA increased the contrast substantially, allowing observation of both cotyledons in all seeds with suitable orientations (see Supplementary Fig. S2 available at JXB online).
Some features are more visible using one technique than the other. Seed coats and air cavities were easily resolved using DEI. Conversely, relative oil concentrations are more difficult to observe using DEI compared with NMR. All these data could be obtained using both techniques if the experimental set-up was altered. For example, infusion of a contrasting agent into the seeds would allow air spaces to be observed using NMR, and further studies of the refractive and scattering properties of oleosomes (or starch granules) could be performed to model different concentrations of these structures. See Table 2 for a summary comparing DEI and NMR.
Perhaps the most interesting DEI observations were of germination. The region of altered density that moved from the scutellum to the apex in germinating wheat caryopses was visible to some degree in all the caryopses studied and was striking in the right-most individual (Fig. 4 and Supplementary Fig. S5 available at JXB online). The density changes may have been due to Phase I or Phase II of imbibition (Bewley, 1997; Krishnan et al., 2003; Manz et al., 2005) or a wave of storage molecule hydrolysis (starch or protein). The timing of the event, starting at 2 h and proceeding until 32 h after imbibition, excludes the possibility that Phase I of imbibition (Bewley, 1997 ) is being observed, as this stage occurs between 0 h and 6 h; however, this does not exclude the possibility of the event being due to free water spreading throughout the kernel, as occurs in Phase II of imbibition (Krishnan et al., 2003) . Further evidence that the event being observed is related to water uptake is the similarity of the DEI images to NMR images of imbibing oat caryopses (Hou et al., 1997) . The change in density observed during germination may be a direct observation of storage molecule catabolism. The timing of the event matches observations of gibberellin secretion and increased hydrolase activity occurring during germination (especially bound b-amylase release from starch granules; Fincher, 1989) , the area of density difference is limited to the endosperm and does not overlap the aleurone or pericarp, and the X-ray refractive index of starch changes during gelatinization (Lemke et al., 2004) . The event could possibly be due to the enzymatic hydrolysis of storage proteins; however, this is unlikely to be the cause as the extent of protein breakdown is minimal after 1 d (Preston and Kruger, 1979; Bigiarini et al., 1995) and the small change in protein degradation would be difficult to observe. Higher resolution images of germinating seeds, possibly in conjunction with NMR imaging (for examples, see Foucat et al., 1993; Krishnan et al., 2003; Manz et al., 2005) , would help confirm that a physiological event was observed using DEI. Such an experiment would also demonstrate the complementarity of DEI and NMR imaging and may provide novel information about processes occurring during germination and emergence.
Another developmental change observed in germinating wheat was the appearance and subsequent disappearance of cracks in the pericarp. Cracks in cereal caryopses have been observed using conventional X-ray imaging (Milner et al., 1952b; de Carvalho et al., 1999) ; however, tracing the disappearance of these cracks has not been reported. The cracks observed using DEI appear to be limited to the pericarp, unlike those observed in maize which were present in the endosperm and sometimes the embryo axis (de Carvalho et al., 1999) , and thus this observation may be a new phenomenon, different from the cracks resulting from mechanical damage during harvesting. As postulated earlier, if water uptake is observable using DEI, the observed pericarp cracks are unlikely to be the result of mechanical damage as water permeated through these sites in scarified oat caryopses (Hou et al., 1997) . These observations, along with the change in the refractive properties of the pericarp furrow, nucellar projection, and endosperm cavity suggest that DEI can be used to observe water uptake by seeds.
The changes to the canola seed images up until the 20 h image may also be related to water uptake. At first the hypocotyl-radicle axis is visible; however, during imbibition, the density changes such that it becomes similar to the adjacent cotyledons. It is possible that the hypocotylradical axis takes up water at a rate different from the cotyledons, which is observed as a change in organ density using DEI. Alternatively, hypocotyl-radicle density may change during imbibition as cells expand and air cavities in the organ are lost (Cloetens et al., 2006) .
The data obtained in the germination images will complement observations on water uptake obtained by NMR (Foucat et al., 1993; Song et al., 1998; Pietrzak et al., 2002; Manz et al., 2005) . Other physiological changes were observed in canola radicles during imbibition and just prior to emergence that may have been related to altered water content. The change in radicle density may be due to the increase in turgor pressure that is suspected to allow the organ to penetrate the surrounding tissues (Bewley, 1997) . These data suggest that DEI may be an alternative way of observing turgor pressure in living organs.
Some of the disadvantages associated with DEI are the necessity for a bright, coherent X-ray source, distinguishing features overlying one another, the potential for radiation damage to the sample, and the need to immerse the sample. Currently, DEI requires a bright, coherent Xray source, essentially a synchrotron. Although access to many of these facilities is free to academic researchers (based on scientific merit), the small number of beamlines currently performing DEI may limit its widespread use. This situation will improve in the future as several DEIcapable beamlines are planned or under construction worldwide. Furthermore, work is underway to develop a laboratory-based device capable of performing DEI.
One difficulty with interpreting DEI images is that overlying structures may obscure one another. This problem may be alleviated somewhat by using falsecolour representations of the attenuation, refraction, and scatter data. Distinguishing overlapping features becomes simpler as each tissue has a different absorption coefficient, density, and ordered macromolecule composition, i.e. each tissue will have a different colour in the image (Wernick et al., 2003; Muehleman et al., 2006) . Another way of distinguishing overlapping tissues is to perform computed tomography. Tomography presents the data in three dimensions, and slices through the sample may be observed.
The problem with tomography is that a large number of images must be captured, resulting in greater radiation exposure. Radiation exposure with two-dimensional DEI is low; however, for some variations of the technique, such as MIR and tomography, or during developmental studies, multiple exposures are necessary. The effects of radiation damage can be reduced by reducing exposure times and frequencies or by reducing the number of data points included in the rocking curve. Another way of DEI of seeds 2521 reducing radiation damage could be to increase the energy of the X-rays to 60 keV or to use PCI if rocking curve data are not required.
Finally, one of the difficulties associated with DEI is that the samples are often immersed in liquid to reduce the density difference at the surface of the object and its surrounds. Imaging in air is possible; however, the large density difference at the air-sample interface results in a large amount of refraction. One solution to this problem is to immerse the samples in media with different biological, chemical, and physical properties, such as ethanol or glycerine.
DEI could potentially complement observations of living plant tissues made using confocal microscopy or NMR. The ability to image anatomical structures and physiological events non-destructively will be useful for researchers studying plant development. Advantages to using DEI include the ability to observe tissues embedded within other tissues, the use of density and ordered structures within a sample as contrast agents, and simple sample preparation. Future developments of DEI, MIR, and other X-ray refraction-based techniques such as phase contrast may include computed tomography for threedimensional imaging, the use of high-resolution detectors to visualize cellular structures (Colbert et al., 2001; Hwu et al., 2004) , and elemental analysis via X-ray fluorescence analysis (a basic demonstration of this will be presented in another paper by L Young, N Westcott, C Christensen et al.). Fig. S1 . Schematic of canola seed observed in cross-(top) and longitudinal (bottom) section through the hypocotylroot axis. Fig. S2 . High resolution image of canola seed DEI analysed using PCA components 1-3 (top three images). The first three components were assigned to the red, blue, green and blue, red, green channels, respectively, for the two coloured images. Fig. S3 . High resolution visible, NMR, and DEI images showing all seed discs. The density of seeds on each disc is indicated on the side (e.g. 00 ¼ d < 1.00). + indicates populations enriched for seeds containing air cavities, -indicates populations with a reduced number of seeds with air cavities. Fig. S4 . High resolution images of germinating canola seeds, from top to bottom, 0, 2, 4, 8, 20, 32, 44, 56 , 116 h after imbibition. From left to right, principle components 1-3 and a colour composite based on these three images using the hue, intensity, and saturation system. Fig. S5 . High resolution images of germinating wheat caryopses. As per Supplementary Fig. S4 without the 2 h after-imbibition image but including the 156 h image. Two false colour images are shown, with different combinations of attenuation, refraction, and scatter images assigned to the red, green, and blue channels. Fig. S6 . Image of disc 08 (Fig 2) using an X-ray detector with 10 lm310 lm pixel sizes. Several seeds have fallen off but the cyanoacrylate adhesive still remains. This image shows the summed images from across the rocking curve.
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